We previously identified five derivatives of Klenow fragment DNA polymerase that have lower fidelity because of amino acid substitutions in the polymerase active site. One of these has alanine substituted for the invariant Glu-710, whose side chain interacts with the deoxyribose of the incoming dNTP. Here we show that the E710A enzyme has reduced fidelity for five of the 12 possible mismatches. All but one of these involve misinsertion of pyrimidines, including two transition mismatches A-dCTP and G-dTTP. In contrast, E710A polymerase error rates for the reciprocal C-dATP and T-dGTP transition mismatches were similar to those of the wild-type enzyme. The kinetics of formation of correct base pairs and transition mismatches by the wild-type and E710A polymerases, combined with information on the structure of the DNA polymerase active site and the asymmetry of wobble base pairs, provides a plausible explanation for the differential effects of the E710A mutation on fidelity. The data suggest that the Glu-710 side chain plays a pivotal role in excluding wobble base pairs between template pyrimidines and purine triphosphates by steric clash. Moreover, this same side chain enhances the stability of incoming correct dNTPs, such that loss of this interaction on removal of the side chain leads to lower selectivity against mismatches involving incoming pyrimidines.
T
he accuracy or fidelity of DNA polymerases covers a wide range: the ''classical'' polymerases involved in replication and repair typically make one mistake for every 10 3 to 10 5 bases copied (1) (2) (3) , whereas the recently discovered bypass polymerases (family Y) have much lower fidelity, which may be related to their ability to negotiate template lesions (4) (5) (6) . To understand the molecular basis for polymerase fidelity, we have used the Klenow fragment of DNA polymerase I, a highly accurate polymerase for which a wealth of structural, biochemical, and genetic data exists (reviewed in ref. 7) .
It has long been recognized that the accuracy of copying by DNA polymerases is substantially greater than would be expected merely on the basis of the energetics of complementary vs. noncomplementary base pairing (1) . It has been suggested that the additional fidelity could be derived from three sources: exclusion of water from the enzyme's active site, close steric complementarity between the active site and correctly base-paired substrates, and scanning of the minor groove of the DNA duplex to detect mispairs. Polymerase crystal structures support these ideas (8) (9) (10) (11) (12) . In unliganded polymerases or polymerase-DNA binary complexes, the polymerase domain resembles a half-open right hand in which the palm contains the catalytic center, the thumb binds the primer-template duplex, and the fingers subdomain contains most of the side chains that will bind the incoming nucleotide. When a ternary complex (polymerase-DNA-dNTP) is formed, the hand closes because of a substantial movement of the fingers subdomain, forming a tight binding pocket around the nascent base pair. Additionally, several side chains are hydrogen bonded to the minor groove of the template-primer duplex, so that they could discriminate between correct and incorrect base pairs close to the primer terminus.
In a previous study, we identified five single amino acid changes within the polymerase active site region of Klenow fragment that decreased fidelity, giving a mutator phenotype (13) . One of these mutations, E710A, removed a side chain that binds the deoxyribose portion of the incoming dNTP. This same side chain, Glu-710, is invariant in the Pol I family of DNA polymerases and serves as the ''steric gate'' that prevents rNTP incorporation (14, 15) . Our initial studies showed that the E710A polymerase has an unusual error specificity, with the predominant error being incorporation of dCTP opposite A, whereas the wild-type enzyme makes mostly T-dGTP errors. Here we report a detailed analysis of the error specificity and kinetics of the E710A mutant of Klenow fragment, which point to the role of the substrate-binding pocket, and Glu-710 in particular, in preventing specific mispairings.
Experimental Procedures
Materials. Mutant derivatives of Klenow fragment. The E710A and E710Q mutant derivatives of Klenow fragment were constructed and purified as described (16, 17) . The biochemical properties of these mutant derivatives have been reported previously (14) . All polymerases in this study carried the D424A mutation, which eliminates 3Ј-5Ј exonuclease activity (18) ; thus, the D424A Klenow fragment was used as the ''wild-type'' control. Protein concentrations were determined by the Bradford colorimetric assay (19) .
Oligonucleotides. DNA oligonucleotides were from Research Genetics (Huntsville, AL) or the Keck Biotechnology Resource Laboratory at Yale Medical School. They were annealed to produce the substrates listed in Table 3 ; in each case, the primer strand was labeled at the 5Ј end with 32 P.
Methods
Gap-Filling Synthesis and Forward Mutation Assays. The sources and description of strains and reagents, the preparation of gapped DNA substrate, and the basic methodology were all as described previously (20) . Reactions (25 l) contained 1.4 nM M13mp2 DNA with a 407-nt gap (from nucleotides Ϫ216 through ϩ191 of the lacZ gene), 20 mM Tris⅐HCl, pH 7.5, 10 mM MgCl 2 , 10 mM DTT, and 1 mM dNTPs. Synthesis was initiated by adding either 25 pmol E710A or 8.6 pmol E710Q Klenow fragment; these amounts were determined empirically to be necessary for complete gap filling. Reactions were incubated at 37°C for 10 min and terminated by adding EDTA to 15 mM. Agarose gel electrophoresis revealed that the gap was filled to apparent completion in all reactions whose fidelity was analyzed here. DNA products of the reactions were assayed for the frequency of lacZ mutants. DNA from independent lacZ mutant phage was sequenced to identify the errors made during gap-filling synthesis, and error rates were calculated.
Kinetic Measurements. Single-turnover measurements of nucleotide incorporation by wild-type and mutant Klenow fragment derivatives were carried out as described (13, 21) .
Molecular Graphics. Coordinates were taken from Protein Data Bank files 3KTQ and 1QSY, corresponding to ternary complexes of Klentaq (the Klenow fragment-like portion of Taq DNA polymerase I) in which the nascent base pairs were G-dCTP and T-dATP, respectively (12, 22) . The coordinates for a T-G mispair within an A-DNA helix were taken from the file ADH019 (23); an A-DNA coordinate set was chosen because the DNA within the polymerase active site in the ternary complex crystal structures is A-form (10, 12) . The mispair was superimposed on the nascent base pair by using SPOCK (24) , both for the superposition and to generate figures.
Results
Error Specificity in an in Vitro Gap-Filling Forward Mutation Assay. In our previous study, the E710A mutant showed lower fidelity than wild-type Klenow fragment in gap-filling synthesis on an M13 substrate in which base substitution errors were detected by reversion of an opal codon (13) . Over 90% of the revertants produced by the E710A polymerase corresponded to errors in which dCTP had been inserted opposite template A, contrasting with wild-type Klenow fragment where the error rate for A-dCTP misinsertion was about 70-fold lower and T-dGTP was the most common error. Because the earlier study used reversion substrates, it focused on only a few errors within a defined DNA sequence, limiting the deductions that could be made from the information obtained. In particular, G-dTTP errors, which are likely to be structurally the most similar to A-dCTP, are not detected in the opal codon reversion assay. We therefore carried out a more detailed analysis of the errors produced by the E710A mutant protein, and by the more conservative E710Q derivative, by using a forward mutation assay capable of detecting base substitution errors at 125 different sites and frameshift errors at 199 sites within the target sequence (20) . Gap-filling synthesis was carried out in vitro on an M13mp2 gapped substrate containing the lacZ␣ complementation sequence, and DNA was sequenced from 135 independent lacZ mutants generated by E710A and 96 mutants generated by E710Q. Table 1 and Fig. 1 compare the results obtained from E710A and E710Q with the previously reported error specificity of wild-type Klenow fragment (25) , all three proteins being proofreading-defective.
The E710A enzyme gave a 2-fold increase in the overall forward mutant frequency relative to wild-type Klenow fragment, whereas no significant overall increase was observed for the E710Q derivative. As with the wild-type enzyme, base substitutions were the predominant errors by the E710A mutant. Base substitutions accounted completely for the higher overall error frequency of the E710A polymerase, with an increase of 2-to 3-fold relative to the wild-type level; by contrast, E710A showed no increase over the wild-type level of addition or deletion errors.
More dramatic changes were apparent when comparing individual base substitution mutations generated by the wild-type and E710A Klenow fragment derivatives (Table 1 and Fig. 1 ). The most common errors of wild-type Klenow fragment involved misinsertion of purines: G opposite template T; G or A opposite G; and A opposite C (25) . By contrast, the majority of the mutations generated by the E710A derivative resulted from misinsertion of pyrimidines. The largest increase in error frequency was observed for dCTP insertion opposite a template A (75-fold increase relative to wild-type Klenow fragment), consistent with our earlier reversion assays (13) . Substantial increases relative to wild-type were also seen for misinsertions of T opposite G (10-fold) and T or C opposite T (9-and 5-fold, respectively). There may also have been an increase in misinsertion of T opposite C, but the number of occurrences of such changes was too low to allow us to say this with certainty. Insertion of A opposite A was the only example of an error involving purine misinsertion that occurred more frequently (by 5-fold) with E710A than with wild-type Klenow fragment; by contrast, insertions of G or A opposite G were less frequent with the mutant protein. The effect of the E710A polymerase on transition mispairs was asymmetrical; those errors resulting from misinsertion of a pyrimidine (A-dCTP and G-dTTP) were significantly increased, whereas the error rates for T-dGTP and C-dATP, requiring misinsertion of a purine, were similar to those obtained with the wild-type enzyme.
The conservative E710Q mutation had a more modest effect compared with E710A ( Fig. 1) . The overall forward mutant frequency was lower than that of E710A and was not significantly different from the wild-type level. As with E710A, larger changes were apparent when examining the error rates for individual mispairs, with the majority of these error rates between the wildtype and E710A values; for example, A-dCTP mispairs were were calculated by multiplying the mutant frequency (MF) by the proportion of mutants for each class. This value was divided by 0.6, to correct for expression of errors on transfection, and by the number of known detectable sites for each class of mutation. ¶ For each mispair, the E710A error rate is compared to that for wild-type Klenow fragment. Where no value is shown, the number of mutants observed was insufficient to define this ratio with confidence. The total number of mutants from which DNA was isolated for sequencing. Some of these mutants contained multiple base substitution mutations, which were treated as independent events in the calculations of individual base substitution error rates.
increased only 18-fold over the wild-type level, compared with 75-fold for E710A. Curiously, E710Q showed no increase in error rate for the G-dTTP mispair, relative to the wild-type polymerase.
Reaction Kinetics. To understand the role of Glu-710 in polymerase fidelity, we needed to explain not only the higher error frequency of the E710A polymerase, but also why E710A is a mutator for some base substitutions but not others. The increased rates for specific base substitutions could be due either to an increase in misinsertion or to an increased likelihood of extending the resulting mispair. From our previous work, it seemed unlikely that the mutator phenotype of E710A was caused by increased extension of mispairs, because E710A showed greater discrimination than wild type against extending a (template)T-(primer)G mispair (13) . However, the data did not exclude a selective favoring of a subset of mispairs, including the abundant (template)A-(primer)C error. We therefore measured the rates of extension of A-C and A-A mispairs by wild type and E710A Klenow fragment under conditions similar to those used for primed synthesis in the M13 mutational assays (Table  2 ). Although the difference between wild type and mutant enzymes in discrimination between correct and incorrect primer termini varied from mispair to mispair, E710A was more discriminating than wild type for each of the substrates tested.
Having ruled out selective mispair extension as a likely source of the mutator phenotype of the E710A mutant protein, we focused on the misinsertion reaction. We measured singleturnover kinetics for several correct and incorrect dNTP insertions by wild-type and E710A Klenow fragment using the oligonucleotide substrates listed in Table 3 . The substrates used in the majority of these experiments correspond to the DNA sequence surrounding the opal codon (underlined in Table 3 ) in the template used in the reversion assays. Using a high concentration (1 M) of polymerase to ensure that all of the DNA substrate was enzyme-bound, we measured the rate of incorporation as a function of dNTP concentration to determine k pol for the polymerase reaction and K d for dNTP binding ( Table 3 ). The quantity k pol /K d gives the efficiency of the reaction, and the ratio (k pol /K d ) correct /(k pol /K d ) incorrect gives the selectivity, a measure of the ability of the polymerase to discriminate between the relevant correct and incorrect nucleotides.
The overall selectivity values calculated from the kinetic data correspond precisely to the forward mutation data. Thus, the selectivity values show that wild-type Klenow fragment discriminates more against A-dCTP and G-dTTP misinsertions than against T-dGTP misinsertions. For E710A, the discrimination against A-dCTP and G-dTTP misinsertions is about 100-fold lower than for wild-type Klenow fragment, whereas the discrimination against T-dGTP misinsertions is similar to wild type. A detailed breakdown of the kinetic constants indicates that the high selectivity of wild-type Klenow fragment against Pu-dPyTP mispairs results from a K d increase of Ϸ25-fold and a k pol decrease of at least 10 3 -fold, when comparing correct with incorrect dNTP insertions. With E710A, the K d values are essentially the same for correct and incorrect nucleotides, and the k pol discrimination is 3-to 10-fold less than with the wild-type polymerase. Very similar results were obtained for A-dCTP insertion in two different sequence contexts, suggesting that the results obtained can be generalized to other sequences. This was despite the unusually low k pol value seen at the template A position of the opal codon, which we suspect may be related to the run of Ts close to the primer terminus.
The situation for T-dGTP mispairs was surprising. Even though the overall selectivity values were very similar for wild type and E710A Klenow fragment, this was the result of large but compensatory changes in the kinetic constants of the mutant protein. Discrimination by wild-type Klenow fragment against T-dGTP misinsertion was the combination of a small increase (5-fold) in K d for the incorrect nucleotide and a large (10 3 -fold) decrease in k pol . For E710A, the K d was 10-fold more favorable for the T-dGTP mispair than for T-dATP, but the k pol was more Fig. 1 . Graphical representation of the error rates for formation of the 12 possible mispairs, by wild-type Klenow fragment and the E710A and E710Q mutant derivatives. Data for the wild-type and E710A enzymes are taken from Table 1 . The E710Q error specificity data are shown in Table 4 , which is published as supporting information on the PNAS web site (www.pnas.org). Single-turnover rate constants were measured at 1 mM dNTP as described (13) . *Both proteins also have the D424A (3Ј-5Ј exonuclease-deficient) mutation. † The template base is listed first. Oligonucleotide substrates with mispaired primer termini were designed to place the mispair at the indicated position within a DNA sequence corresponding to a portion of the lacZ␣ complementation target (20) . Positions T87 to A89 correspond to the opal codon used in the reversion assay. A Ϫ33 is the site of several errors caused by A-C mispairings in the E710A mutational spectrum (D.T.M. and T.A.K., unpublished data; available on request). ‡ The ratio of kcorrect͞kmismatch for E710A divided by the ratio for wild-type Klenow fragment on the same substrate. § Data taken from ref. 13 . Table 1 illustrate that a single amino acid difference not only can reduce replication fidelity but can do so in a highly selective manner, affecting some substitutions but not others. In this regard, the E710A mutant Klenow polymerase is similar to the R283K mutant of DNA polymerase ␤, which has elevated error rates for some mismatches and wild-type rates for others (27) . In both instances, these selective influences on error rates are inferred to reflect altered interactions in the binding pocket for the nascent base pair that involve the mutated amino acid side chains and the DNA minor groove.
The second issue is why rates for a mismatch composed of the same two bases can vary depending on orientation (e.g., T-dGTP vs. G-dTTP). The unusual error specificity of the E710A mutant Klenow fragment polymerase (13) ( Table 1) provides an opportunity to investigate this. As explained above, the overall selectivity values calculated from our kinetic data (Table 3 ) account for the error specificity of the E710A mutant protein. Moreover, when considered in conjunction with the ternary complex structures of Pol I family polymerases, the changes in individual kinetic constants suggest a plausible model for the role of Glu-710 in polymerase fidelity. In developing this model, we started with the assumption that the Pu-Py mispairs, A-C and G-T, will adopt the wobble-pair structures seen by NMR and crystallography (28-31). As we and others have argued elsewhere, this scenario seems more likely than that Pu-Py mispairs involve rare tautomers in a Watson-Crick geometry (29, (32) (33) (34) . Although the involvement of disfavored tautomers cannot formally be eliminated, it is harder to rationalize the influence of protein mutations on misinsertion frequency if one postulates that the nascent mispairs are virtually indistinguishable from their correctly paired counterparts.
Structural Interpretation. Because no ternary complex structure exists for Klenow fragment, we illustrate our model by using the ternary complex of Klentaq, the polymerase portion of Taq DNA polymerase (12) . The polymerase domains of the Taq and Escherichia coli enzymes are highly homologous, with almost identical three-dimensional structures, and the majority of the side chains that are in close proximity to the substrates at the active site are identical in both proteins. To visualize the constraints that come into play when a nascent mispair is present in the active site, we started with Klentaq coordinate sets having either G-dCTP or T-dATP as the nascent base pair within the polymerase active site (12, 22) . Because the DNA duplex within the polymerase active site region in the ternary complex is A form, we took the coordinates for a G-T mispair structure within an A-DNA helix. [Both Pu-Py mispairs adopt very similar wobble pair structures (29) , and so the conclusions presented here for the G-T mispair can equally well be applied to the A-C mispair.] To superimpose the mispair onto the nascent base pair, we assumed that the template base, being constrained as part of a DNA strand, would have much less freedom of movement than the incoming dNTP. We therefore superimposed the template base of the mispair onto the position occupied by the template base of the nascent base pair and determined where, as a consequence, the incoming incorrect dNTP would be located. Clearly, this modeling does not take into account the structural adjustments that would almost certainly take place to accommodate a nascent mispair in the polymerase active site. Nevertheless, we feel it serves to identify the interactions that are likely to be problematic when binding an incorrect incoming dNTP and can therefore provide an acceptable framework for interpreting fidelity data until such time as ternary complex crystal structures with mispaired bases are solved.
In the Klentaq ternary complex, the nascent base pair fits into a snug binding pocket, sandwiched between the primer-terminal base pair on one side and the O-helix of the fingers subdomain on the other side (12) (Fig. 2A) . Several important, and highly conserved, side chains line the bottom of the binding pocket ( Fig.  2 B and C) . One of these is the invariant Glu-615 (Glu-710 in Klenow fragment), whose position beneath the sugar of the incoming nucleotide prevents incorporation of ribonucleotides (14) . Additionally, Glu-615, together with Asn-750 and Gln-754, coordinates a water molecule that interacts with the minor groove side of the nascent base pair and can thus be thought of as part of the binding pocket surface (35) . Because Pu-Py mispairs are much less symmetric than correct Watson-Crick base pairs (29) , the Pu-dPyTP and Py-dPuTP combinations will interact differently with the binding pocket, which may account for the different behavior of the two classes of mispair. In a wobble mispair, the pyrimidine partner is shifted toward the major groove, and the purine partner is shifted toward the minor groove, relative to a correct base pair. The consequences for the polymerase active site are illustrated in Fig. 2 B and C. Fig. 2B compares the binding of a nascent G-dCTP base pair with the situation when the incoming nucleotide is an incorrect T. Displacement of the T toward the major groove side of the template-primer duplex has the consequence of moving it out of the binding pocket, away from the Glu-615 side chain. Fig. 2C compares a nascent T-dATP base pair with an incorrect incoming G. In this case, the incoming purine would be displaced toward the minor groove, moving it down into the binding pocket and resulting in unfavorable steric clashes of the sugar moiety with the side chains that form the lower surface of the binding pocket.
Kinetic Evidence. Strong support for this structural model comes from our kinetic data, which are entirely consistent with the interactions inferred from Fig. 2 . When misinsertion involves an incorrect pyrimidine opposite a template purine, the situation in Fig. 2B suggests that the incoming dNTP will make fewer interactions with the binding pocket into which the nascent base pair normally fits. The loss of interactions accounts for the much higher K d value when wild-type Klenow fragment inserts dCTP opposite A or dTTP opposite G. The lower k pol may result from suboptimal geometry for the phosphoryl transfer reaction because of the displacement of the incoming pyrimidine away from the active site residues. The absence of the Glu-710 side chain in E710A decreases the binding affinity of the correct dNTP and also eliminates the difference in K d between correctly and incorrectly paired pyrimidines. We therefore conclude that interactions with the side chain of Glu-710 and/or its coordinated water molecule stabilize a correctly paired dNTP within the active site, and that these interactions (which cannot take place with the more distantly located mispaired pyrimidine) are critical for discrimination. Even more compelling are the data for T-dGTP misinsertion. Here the increased K d and the decreased k pol for the wild-type polymerase presumably reflect the steric clash that would occur on binding the mispaired purine (Fig. 2C) , and the subsequent rearrangement of active site residues that must be necessary for stable binding. As above, binding of the correct incoming dNTP to the E710A mutant protein is weaker than binding to wild-type Klenow fragment, because a favorable interaction has been eliminated. However, the incorrect dGTP binds more strongly to the E710A mutant protein than to wild-type Klenow fragment, supporting the idea that removal of the Glu-710 side chain eliminates a steric clash within the binding pocket. Moreover, dGTP binds more strongly than dATP to the E710A mutant protein, presumably because a nucleotide positioned lower within the binding pocket is able to interact more effectively with the smaller Ala side chain. Why, then, is E710A not a mutator for T-dGTP misinsertion? As noted above (Table 3) , the apparently wild-type phenotype of E710A with respect to T-dGTP errors results from opposing effects: more favorable binding of the incorrect nucleotide coupled with a much slower reaction rate. Misincorporation of G opposite template T is remarkable in that k pol for the mutant protein is 10 (35) is not shown. No information exists currently as to whether this water molecule would be present in complexes with mispaired dNTPs or with mutant proteins lacking the Glu side chain. Although the presence or absence of this water molecule does not affect the overall features of our model, a change in solvent interactions in the active site is one factor that may account for the observed differences in binding of incorrect pyrimidine nucleotides by wild type and the E710A mutant (Table 3; Other Mutations. The behavior of the E710Q mutant is intermediate between that of wild-type and the more disruptive E710A mutant, suggesting that, even though Glu and Gln are isosteric, they have different effects on the dNTP-binding pocket. This could be solely because of the loss of negative charge caused by the E710Q mutation or because, in addition, the Gln side chain is differently oriented in the active site. In ternary complex crystal structures from the Pol I family, the residue equivalent to Glu-710 is seen to be hydrogen bonded to the invariant tyrosine at the C terminus of the O-helix (Tyr-766 in Klenow fragment) (10, 12) . This hydrogen bond, which fixes the position of the Glu-710 side chain, would be expected to be either weaker or absent in the E710Q mutant, depending on the precise positioning of the Gln side chain. Simple modeling of a Gln side chain in place of Glu-615 of Klentaq, by using the SWISS-PDB VIEWER (36) , suggests that the preferred Gln rotamer would not occupy the same position as Glu in the wild-type protein (unpublished observations). Consistent with this idea, the phenotype of E710Q is also intermediate between wild-type and E710A in rNTP discrimination (14) , which likewise depends on the positioning of the 710 side chain in the binding pocket.
The phenotype of mutator mutations at Tyr-766 of Klenow fragment is quite complex (37, 38) , but it is worth noting that the largest fold increases, relative to wild-type Klenow fragment, were for the Pu-dPyTP errors (A-dCTP and G-dTTP), just as for E710A. This subset of errors could therefore be attributed to repositioning of the Glu-710 side chain as a consequence of the absence of Tyr-766, whereas others may result from structural rearrangements on the template side of the nascent base pairbinding pocket (see Fig. 2 ).
Recent work by Loeb and colleagues has demonstrated that the Ile side chain adjacent to Glu-710 or its homolog (Ile-709 in Klenow fragment, Ile-614 in Taq DNA polymerase; see Fig. 2 ) plays an important role both in fidelity and in excluding ribonucleotide residues from the polymerase active site (39, 40) .
Although the errors produced by the resulting mutator polymerases were not characterized in detail, it would not be surprising to find that these mutators share some specificity with the E710A polymerase.
Conclusion
Of the three mechanisms proposed to account for DNA polymerase fidelity, our data demonstrate the importance of the close steric complementarity between the nascent base pair-binding pocket and a correctly paired incoming dNTP in excluding purine-pyrimidine mispairs. We suggest that the invariant Glu-710 side chain selects by direct steric hindrance against those mispairs (such as T-dGTP) with an incoming purine nucleotide. We further suggest that this side chain provides an interaction that normally stabilizes correctly paired dNTPs but not mispaired incoming dPyTPs that are displaced toward the major groove and therefore have reduced interaction with the floor of the binding pocket. These ideas are entirely consistent with the unique dPyTP misincorporation specificity of the E710A/Q mutator polymerases (Table 1 and Fig. 1 ) and the kinetic data (Table 3 ). In combination with earlier studies (13, 14) , our data indicate a dual role for Glu-710 in determining DNA polymerase specificity: both excluding ribonucleotides and preventing Pu-Py mispairs. In other ''classical'' polymerase families where ternary complex structures are available, the snug fit of the nascent base pair binding pocket suggests that similar mechanisms may operate to prevent dNTP misinsertions. Conversely, the lower fidelity of certain bypass DNA polymerases may result from their binding pockets having different, perhaps more open, conformations to catalyze efficient synthesis past template lesions that distort normal Watson-Crick base-pairing geometry, a prediction that is supported by recent structural data (41) .
